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A B S T R A C T
A meta-analysis of studies using single-session transcranial direct current stimulation (tDCS) to target the dor-
solateral prefrontal cortex (DLPFC) was undertaken to examine the effect of stimulation on executive function
(EF) in healthy samples. 27 studies were included in analyses, yielding 71 effect sizes. The most relevant measure
for each task was determined a priori and used to calculate Hedge's g. Methodological characteristics of each
study were examined individually as potential moderators of effect size. Stimulation effects on three domains of
EF (inhibition of prepotent responses, mental set shifting, and information updating and monitoring) were
analyzed separately. In line with previous work, the current study found no significant effect of anodal unilateral
tDCS, cathodal unilateral tDCS, or bilateral tDCS on EF. Further moderator and subgroup analyses were only
carried out for anodal unilateral montages due to the small number of studies using other montages. Subgroup
analyses revealed a significant effect of anodal unilateral tDCS on updating tasks, but not on inhibition or set-
shifting tasks. Cathode location significantly moderated the effect of anodal unilateral tDCS. Extracranial
cathodes yielded a significant effect on EF while cranial cathodes yielded no effect. Anode size also significantly
moderated effect of anodal unilateral tDCS, with smaller anodes being more effective than larger anodes. In
summary, anodal DLPFC stimulation is more effective at improving updating ability than inhibition and set-
shifting ability, but anodal stimulation can significantly improve general executive function when extracranial
cathodes or small anodes are used. Future meta-analyses may examine how stimulation's effects on specific
behavioral tasks, rather than broader domains, might be affected by methodological moderators.
1. Introduction
Higher order control over behavior, known as executive function, is
a necessary component of every day functioning. Executive function
underlies our ability to manipulate information to form plans, re-
member how to follow a recipe, and switch from reading an email to
reading the news. Executive function is widely considered to be a
function of the prefrontal cortex. Neuroimaging work has informed
theories that depict the dorsolateral prefrontal cortex (DLPFC) as cen-
tral to executive functioning (Miller and Cohen, 2001). Indeed, damage
to the DLPFC leads to executive function deficits such as the inability to
follow schedules and initiate actions (Ptak and Schnider, 2004).
However, executive function is a diverse construct and the in-
volvement of the DLPFC in every aspect of executive function may not
be uniform. The Unity-Diversity model (Miyake et al., 2000) posits that
executive function is composed of inhibition, set-shifting and updating
components. The inhibition domain of executive function is
characterized by tasks requiring inhibition of prepotent responses, such
as a Stroop task. Set-shifting is captured primarily by task switching
paradigms and involves flexibly adapting to a relevant task and disen-
gaging from an irrelevant task. Updating involves dynamic manipula-
tion of working memory contents and is measured by paradigms such as
the n-back. It is possible that while the DLPFC is active during all three
domains of executive function, it is integral to some domains and per-
ipheral to others. For example, while a review found consistent support
for crucial involvement of the DLPFC in working memory (Curtis and
D’Esposito, 2003), similar reviews and meta-analyses have found less
convincing evidence for the DLPFC's centrality to inhibition and set-
shifting (Aron et al., 2004; Wager et al., 2004). Non-invasive stimula-
tion techniques that alter DLPFC functioning may be used to determine
the magnitude of DLPFC involvement in each of these domains by ex-
amining the degree to which the domain is affected behaviorally.
Transcranial direct current stimulation (tDCS) attempts to modulate
neural firing in a targeted area by passing a small amount of current
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through two (or more) electrodes placed on the scalp. tDCS can be used
to either upregulate or downregulate brain activity depending on the
direction of the current flow. Anodal tDCS (a-tDCS) is generally con-
sidered excitatory while cathodal tDCS (c-tDCS) is generally considered
inhibitory. However, studies examining the effect of motor cortex sti-
mulation have revealed that individual responses to stimulation are not
uniformly excitatory or inhibitory. Baseline performance, baseline
neurotransmitter levels, genetics and anatomical factors can affect the
degree and direction of the effect of stimulation (Li et al., 2015). Fur-
thermore, there is always both cathodal and anodal stimulation in a
given paradigm; every stimulation montage includes at least one anode
and at last one cathode. Additionally, stimulation might act via neu-
rotransmitter modulation (Antonenko et al., 2017; Bachtiar et al., 2015;
Stagg and Nitsche, 2011). However, the relationship between neuro-
transmitter levels and executive function performance is not linear
(Cools and D’Esposito, 2011; Robbins and Arnsten, 2009). Therefore,
anodal stimulation may not uniformly improve executive function and
cathodal stimulation may not uniformly worsen executive function.
Indeed, recent meta-analyses examining the effectiveness of tDCS on
cognition in general concluded there was no significant effects of sti-
mulation in healthy populations (Dedoncker et al., 2016; Horvath et al.,
2015). While these meta-analyses demonstrate a lack of overall sti-
mulation effects by examining between-study variability, within-study
variability resulting from individual differences in stimulation re-
activity might underlie the null effects found in these analyses.
Between-study variability has also been demonstrated in the above
analyses. Between-study variability may result from methodological
differences among studies; stimulation intensities, reference electrode
placements, and stimulation durations often vary greatly. Such factors
can have significant effects on tDCS efficacy in general, although they
have not been explored specifically with respect to executive function
(Dedoncker et al., 2016; Tremblay et al., 2014). Indeed, while previous
analyses have found no effect of tDCS on executive function (Horvath
et al., 2015) and no effect of DLPFC tDCS on general cognition
(Dedoncker et al., 2016), the effect of DLPFC tDCS on executive func-
tion specifically has not been explored. Furthermore, no previous
analyses have addressed how the effects of stimulation may differ with
regard to executive function domain.
Understanding the effects of DLPFC stimulation on individual do-
mains of executive function in healthy individuals might provide a lens
through which stimulation as treatment method can be understood.
There is evidence that a-tDCS of the DLPFC may be an effective treat-
ment method for major depressive disorder (MDD) and schizophrenia
(Boggio et al., 2008; Brunelin et al., 2012; Brunoni et al., 2011; Fregni
et al., 2006). Reviews of people with MDD and schizophrenia have
found deficiencies in executive function associated with abnormal
DLPFC activity (Fossati et al., 2002; Minzenberg et al., 2009; Rogers
et al., 2004), and treatment resulting in a reduction of symptoms in is
often accompanied by improvements in executive function (Biringer
et al., 2005; Meltzer and McGurk, 1999; Walter et al., 2010). As such, it
is possible that stimulation of the DLPFC results in symptom improve-
ment in people with MDD and schizophrenia by improving executive
function. Understanding the cognitive mechanism behind possible ex-
ecutive function improvements caused by stimulation in healthy in-
dividuals will aid our understanding of the mechanism of treatment in
these disoders.
However, the efficacy of DLPFC tDCS as a treatment method is in-
consistent. Recent meta-analyses have generally concluded that tDCS is
an effective treatment for MDD (Kalu et al., 2012; Shiozawa et al.,
2014), but disagreement exists in the literature (Berlim et al., 2013). As
is the case in healthy participants, inter-subject variability in respon-
siveness likely plays a role in these inconsistencies, as does variations in
the methods applied during treatment. Understanding the effects of
methodological choices such as reference electrode placement and sti-
mulation intensity on healthy individuals may shed light on these in-
consistencies in treatment effectiveness.
The current work aims to understand the effects of DLPFC stimu-
lation on global executive function and the individual domains of ex-
ecutive function defined by the Unity-Diversity model. Quantifying the
effects of stimulation on domains of executive function rather than
simply global executive function will provide a more nuanced under-
standing of DLPFC involvement in behavior. Additionally, the moder-
ating effects of methodological factors on stimulation efficacy are ex-
amined. Understanding how factors such as stimulation intensity,
stimulation duration, and reference electrode placement influence ex-
ecutive function during DLPFC stimulation is a significant step towards
establishing standard practice in the field that might limit between-
study variability in results.
2. Material and methods
2.1. Study selection and qualitative coding
Articles were obtained from searches of PubMed, ScienceDirect,
Web of Science, DART, and ProQuest (3/14/2017). Search terms were
(1) “DLPFC” OR “Dorsolateral prefrontal cortex”, AND (2) “tDCS” OR
“transcranial direct current stimulation” AND (3) “executive function”
OR “inhibition” OR “cognitive control” OR “cognitive flexibility” OR
“working memory.” Duplicates between databases and review articles
were removed. Trained research assistants reviewed search results to
confirm that the study included a healthy population, applied tDCS to
the DLPFC, included a cognitive outcome measure, and included a sham
tDCS group. Studies were removed if they attempted to target the
DLPFC but placed the DLPFC electrode somewhere other than F3 or F4.
Studies were only included if they included one active tDCS session.
Performing a task during stimulation may alter the stimulation effects
on related tasks post-stimulation (Gill et al., 2015; Ruf et al., 2017). If a
cognitive task was performed during stimulation and a related cognitive
task after stimulation, only the task performed during stimulation was
considered for analysis. Additionally, an a priori decision was made to
exclude studies which did not include at least a three hour period be-
tween sham stimulation and active stimulation conditions to account
for any carryover effects of stimulation.
A subsample of 20 of the remaining studies were then double coded
by M.I. and J.O. to determine whether the cognitive task in each paper
fell under an executive function domain as defined by Miyake et al.
(2000). To account for situations in which a low difficulty version of a
task may not fall under one of the three domains, but a higher difficulty
would, only the most difficult version of a task in a given study were
analyzed. For example, a Sternberg task with one target letter may only
require simple recognition and recall while a Sternberg task with 5
target letters may require continuous manipulation and updating of
working memory, thus only Sternberg performance on 5-letter trials
were included. Additionally, if the task was determined to fall under an
executive function domain, the outcome measure most relevant to the
domain (for example, RT Stroop Effect for the Stroop task) was double
coded. Inter-rater reliability was 0.85. Discrepancies were resolved by
consensus. The remaining studies were then coded for domain.
The remaining studies were then coded for the following qualitative
information: sample size, gender composition, sample age, electrode
placement, electrode size, stimulation intensity, stimulation duration,
stimulation direction, stimulation timing (online, offline or a combi-
nation), and stimulation laterality. All qualitative variables coded were
assessed as potential moderators. Moderators were chosen based on
previous reviews and analyses that examined the effects of tDCS
(Dedoncker et al., 2016; Horvath et al., 2015; Tremblay et al., 2014).
Because we were interested specifically in effects of DLPFC stimu-
lation, polarity and laterality were coded only with respect to the F3/F4
sites; if the anode electrode was placed over F3 and the cathode elec-
trode was not placed over F4, the stimulation was considered anodal
and unilateral. Because in this example only the left DLPFC would be
targeted, such a montage is nonetheless considered anodal and
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unilateral. Similarly, a study was only considered bilateral if it speci-
fically targeted both left and right DLPFC (both F3 and F4), despite the
fact that some studies targeting only F3 or F4 likely include incidental
stimulation of the other site. Incidental stimulation to opposite areas is
assessed by examining the moderating effects of reference electrode
location. This terminology is consistent with usage in the extant lit-
erature. Note, however, that these terms are very often used incorrectly,
or at the very least, are misleading. Positive stimulation over F3 does
not necessarily mean that the current is restricted to the left DLPFC
area; as demonstrated in Fig. 5, there is often a wide area of stimulation,
especially with traditional 2-channel cranial electrode stimulation.
Additionally, many studies included multiple executive function-related
tasks or multiple stimulation parameters. In these cases, effect sizes for
each task and stimulation parameter are considered separately. As such,
many studies yielded multiple effect sizes.
2.2. Quantitative analyses
All statistical analyses were performed in R v3.1.1 (R Core Team,
2016). Hedges’ g was computed for each study using mean differences
and pooled standard deviation. Hedges’ g was preferred over Cohen's d
due to possible bias in Cohen's d during subgroup analyses in which the
number of analyzed effect sizes is small (Hedges, 1981). If means and
standard deviations for the relevant metric were not reported but were
graphed, the values were extracted using WebPlotDigitizer 3.12
(Rohatgi, 2017). Difference scores between pre- and post-stimulation
performance were used when available. In a small amount of cases (N
= 2), means and standard deviations for the relevant task were not
reported nor graphed and were not able to be obtained from authors,
thus Hedges’ g was calculated using reported t values. Additionally, in a
small amount of cases (N = 2), the previously defined most relevant
measure (Stroop Effect) was not reported nor graphed, and authors did
not reply to requests for data; Thus, pre- and post-stimulation incon-
gruent trial RT was used. Anodal and cathodal stimulation scores were
then compared individually to sham stimulation scores. Bilateral was
considered separately from unilateral stimulation effects. Direction of
effect size was corrected such that a positive effect size indicates im-
proved cognitive control (e.g., reduced switch cost) and a negative ef-
fect size indicates decreased cognitive control (e.g., increased switch
cost) relative to sham.
The Chi-square test was used to assess heterogeneity of effect sizes.
A DerSimonian-Laird (DL) mixed-effects model was used for all ana-
lyses to account for expected heterogeneity caused by methodological
differences. Meta-regression analyses were carried out for each poten-
tial qualitative moderator separately. Meta-regression analyses of ca-
tegorical moderators were only performed if there were at least 10 ef-
fect sizes in each category of the moderator. If meta-regression analyses
yielded at least a trending moderator, subgroup analyses were per-
formed to examine whether the effect size of each group significantly
differed from zero.
3. Results
The original searches of PubMed, ScienceDirect, Web of Science,
ProQuest, and DART yielded 2460 results. After removal of duplicates,
studies that did not target F3 or F4, training studies, studies that did not
include a healthy population, studies that did not target a behavior
related to higher-level cognition, and reviews, 55 studies remained. See
Fig. 1 for a breakdown of study inclusion. After eliminating studies for
which none of the tasks used were consistent with the definition of
executive function put forth by Miyake et al. (2000), most of which
were related to emotion regulation or risk preference, 29 studies re-
mained. Of the 29 remaining studies, effect sizes were not able to be
computed from 2 due to missing data that could not be obtained from
authors, leaving 27 studies to be analyzed. Due to the fact many studies
contained multiple stimulation parameters and/or multiple tasks, the
27 studies yielded 71 effect sizes (see Table 1 and Mendeley Data set).
3.1. Main effect of stimulation type on general executive function
We first examined the effects of tDCS across the Miyake et al. do-
mains of executive function. Analysis of unilateral a-tDCS effects on
executive function did not yield a significant effect size, g = 0.03
(0.14), p = 0.82 (see Fig. 2A). The Chi-square test for heterogeneity
was significant, I2 = 51.04%, Q (37) = 75.57, p < 0.001. Analysis of
unilateral c-tDCS effects on executive function did not yield a sig-
nificant effect size, g=−0.05 (0.13), p= 0.65. The Chi-square test for
heterogeneity was not significant, I2 = 0%, Q (13) = 11.83, p = 0.89.
Analysis of bilateral tDCS effects on executive function did not yield a
significant effect size, g= 0.05 (0.17), p= 0.75. The Chi-square test for
heterogeneity was not significant, I2= 0%, Q (12) = 6.26, p= 0.9. The
subsequent moderator and subgroup analyses were constrained to
unilateral a-tDCS because (1) neither the effects of unilateral c-tDCS nor
bilateral tDCS were found to be significantly heterogenous and (2) the
large number of unilateral a-tDCS effect sizes was amenable to the
examination of most potential moderators.
3.2. Subgroup analysis of executive function domain
We then turned to the individual domains of executive function as
outlined by Miyake et al. (2000), shifting, updating, and inhibition.
Analysis of unilateral a-tDCS effects on updating tasks yielded a sig-
nificant moderate effect size, g = 0.56 (0.19), p < 0.01 (see Fig. 2B).
Chi-square test for heterogeneity was not significant, I2 = 0%, Q (9) =
6.1827, p = 0.72. Analysis of unilateral a-tDCS effects on set shifting
tasks did not yield a significant effect size, g = −0.04 (0.32), p =
0.5520. Chi-square test for heterogeneity was significant, I2 = 69.92%,
Q (12) = 39.89, p < 0.0001. Analysis of unilateral a-tDCS effects on
inhibition tasks did not yield a significant effect size, g=−0.10 (0.18),
p = 0.55. Chi-square test for heterogeneity was not significant, I2 =
29 eligible studies
564 duplicates 
removed
2,381 records assessed 
for eligibility
437 reviews and 
books removed
1,677 studies removed 
due to design
2,945 records obtained 
from searches
238 studies removed 
due to task
2 studies removed for 
missing data
27 studies analyzed
Figure 1. Graphical depiction of study inclusion procedure.
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11.49%, Q (12) = 13.55, p = 0.33. Thus, analyses suggest that uni-
lateral a-tDCS had a moderately large effect on updating tasks, but not
on inhibition or set shifting tasks. Although analysis of set shifting tasks
revealed significant heterogeneity, the small sample of effect sizes
prevented further subgroup analysis based on other possible mod-
erators.
3.3. Exploratory analyses
The first planned moderator analysis conducted examined the effect
anode size. The meta-regression revealed a significant effect, QM(1) =
5.99, p = 0.01, indicating larger effect sizes in studies using smaller
anodes. The test of residual heterogeneity was significant, QE(34) =
67.1, p < 0.001, indicating a significant proportion of heterogeneity of
effect scores not accounted for by anode size. For the subgroup analysis,
electrode size was split on the mean, resulting in one group with anodes
sized 35 cm2 (N = 19) and one group with anodes sized 25 cm2 or
smaller (N = 11). Further division of these groups was not undertaken
due to the relatively small number of effect sizes from studies using
anodes smaller than 35 cm2. The large anode group yielded a non-
significant effect, g = −0.26 (0.19), p = 0.19, while the small anode
group yielded a significant moderate effect, g = 0.55(0.18), p = 0.002
(see Fig. 3).
Anode location (F3 vs. F4) was dummy coded and assessed as a
potential moderator with meta-regression. Anode location was a
trending moderator, QM(1) = 3.6, p = 0.06. However, subgroup
analyses yielded nonsignificant effect sizes from both the F3 and F4
groups, p = 0.14 and p = 0.21 respectively. Although the F3 and F4
groups were significantly different from each other, neither group
yielded a total effect size significantly different from zero.
A moderator analysis was then conducted examining the effect of
cathode location. All studies examined placed the cathode on either the
midpoint of the head (Cz, N = 6), the contralateral supraorbital cortex
(N = 21), the contralateral mastoid (N = 3), or the contralateral del-
toid (N = 6). Studies that used multiple reference electrodes were ex-
cluded from these analyses. Cz and the supraorbital cortex were
grouped together into a cranial group while the mastoid and deltoid
were grouped together into an extracranial group. Cathode location was
dummy coded such that the cranial group was the reference group. The
meta-regression yielded a significant result, QM(1) = 9.01, p = 0.003,
indicating larger effect sizes resulting from studies using extracranial
cathodes. The test of residual heterogeneity was significant, QE(34) =
62.0603, p = 0.002. A subgroup analysis revealed a nonsignificant
effect from studies using cranial cathodes, g=−0.21 (0.17), p= 0.21,
however, studies using extracranial cathodes yielded a moderate to
large effect, g = 0.74 (0.25), p = 0.003 (see Fig. 4).
Stimulation intensity was not a significant moderator of unilateral a-
tDCS, p = 0.31. Following Dedoncker et al. (2016), we then examined
current density as a moderator, calculating current density as anode
size divided by current intensity. Current density was associated with
effect size at a trend-level, QM(1) = 3.44, p= 0.06. The test of residual
heterogeneity was significant, QE(34) = 62.0603, p = 0.0023. Current
density was then divided into high-density, medium-density and low-
density groups. High-density was defined as greater than or equal to the
third quartile (0.0579mA/cm2) while low-density was less than or
equal to the first quartile (0.0286mA/cm2). Subgroup analyses re-
vealed a moderate to large positive effect of high-density stimulation, g
= 0.6 (0.23), p = 0.01, a moderate negative effect of medium-density
stimulation, g =−0.52 (0.25), p = 0.04, and a nonsignificant effect of
low density stimulation, p= 0.27. Density charge was calculated as the
product of current density and stimulation duration. Density charge
was calculated only for offline studies because online designs often
lasted for a variable amount of time depending on how long a partici-
pant took to complete a task. Density charge was not a significant
Fig. 2. A) Effect of anodal stimulation on global EF (all tasks). No significant effect was found. B) Effect of anodal stimulation on updating task subgroup. Significant
improvement was found compared to sham stimulation performance.
M.J. Imburgio, J.M. Orr Neuropsychologia 117 (2018) 156–166
161
moderator, p = 0.77.
4. Discussion
The current work aims to quantify the effectiveness of DLPFC tDCS
in modulating executive function in healthy populations. In order to
further understand the mechanism of action, the effect of a-tDCS on
inhibition, updating, and set-shifting were examined independently.
The effects of stimulation parameters and electrode montage on tDCS
effectiveness were examined to address the variation in stimulation
parameters and electrode placement across studies. While no significant
effect of stimulation was found on executive function in general, uni-
lateral a-tDCS significantly improved performance on updating mea-
sures. Additionally, unilateral a-tDCS had a greater effect on executive
function when small anodes or extracranial cathodes were used. Finally,
high current density was associated with a greater positive effect on
executive function than medium or low current density.
4.1. Anodal stimulation effects on executive function
The current work suggests there is no significant effect of single-
session DLPFC tDCS on global executive function, in line with recent
meta-analyses examining general cognition and tDCS (Dedoncker et al.,
2016; Horvath et al., 2015). However, when domains of executive
function were analyzed individually, a significant effect of unilateral a-
tDCS on working memory performance emerged, while no significant
effect was found on set shifting ability nor inhibition. The finding is in
contrast to a previous analysis that found no effect of single-session
tDCS on working memory (Horvath et al., 2015). The difference may be
attributable to the fact that the current analysis was constrained to
unilateral stimulation of the DLPFC. Another analysis that included
working memory training paradigms (rather than solely single-session
tDCS) found evidence of a significant effect of tDCS on working
memory, although the effect was no longer significant after correction
for publication bias (Lewis and Bates, 2013). A trim and fill analysis of
our updating group revealed zero estimated missing studies, indicating
publication bias was unlikely in our subgroup analysis.
It is possible that the DLPFC is more integral to working memory
than to set shifting and inhibition, explaining the significant effect on
the updating domain and null effects on the other two. Indeed, com-
putational neuroscience models have suggested that shifting and in-
hibition are largely dependent on dynamic gating of the contents of
working memory, mediated by dopaminergic pathways between PFC
and basal ganglia (Hazy et al., 2007; O’Reilly, 2002). While neuroi-
maging meta-analyses have found consistent significant activation of
the DLPFC during working memory tasks (Curtis and D’Esposito, 2003;
Wager et al., 2004), the DLPFC was not found to be significantly active
for task-switching paradigms unless the significance threshold was
raised to 0.13 (Wager et al., 2004). Instead, the most consistently active
areas during task switches were in the parietal region, an area likely
untouched by the majority of the electrode montages in the current
analysis. A more recent meta-analysis of task switching fMRI studies
found that the inferior frontal junction (but not DLPFC) and posterior
parietal cortex were consistently activated across switching types (Kim
et al., 2012). Work on inhibition has focused on a role for the right PFC,
and specifically the right ventrolateral PFC (Aron et al., 2014, 2004;
Chatham et al., 2012; Munakata et al., 2011). This previous work has
focused on classical inhibition tasks such as go/no-go and stop-signal,
while most of the papers included for inhibition in the current analysis
used the Flanker and Stroop tasks. While the DLPFC is thought to be
important for executive function during Stroop and Flanker tasks, a
number of other regions are also consistently active, namely the ante-
rior cingulate cortex (Nee et al., 2007). It is possible that the anterior
cingulate is central or at least critical to the performance of these tasks,
Fig. 3. A) Unilateral anodal stimulation using 35 cm2 anodes yielded no significant effect on measures of executive function. B) Unilateral anodal stimulation using
anodes that were 25 cm2 or smaller resulted in a significant increase in performance on measures of executive function relative to sham stimulation.
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such that DLPFC stimulation alone is not effective. Thus, while the link
between the DLPFC and updating is well supported, more work is ne-
cessary to establish the importance of the DLPFC (possibly in con-
junction with other prefrontal regions) to shifting and inhibition.
The significant effect of stimulation on updating paradigms might
also be explained by the effects of a-tDCS on GABA. The unity diversity
model defines updating as “updating and monitoring of working
memory representations” and “closely linked to the notion of working
memory” (Miyake et al., 2000). The authors note that this domain
specifically is often associated with DLPFC function (Miyake et al.,
2000). A-tDCS has been found to result in a decrease in GABA con-
centration in the motor cortex, (Antonenko et al., 2017; Bachtiar et al.,
2015; Kim et al., 2014; Stagg and Nitsche, 2011; Tremblay et al., 2013)
although this finding was not replicated in one sample (Amadi et al.,
2015) and may depend on age (Heise et al., 2014). Decreases in DLPFC
GABA are associated with higher accuracy rates in working memory
tasks (Michels et al., 2012; Yoon et al., 2016), providing a possible
neural mechanism for updating improvement.
The lack of effects on task-switching and inhibition is somewhat
surprising, given the link between task switching and the DLPFC (Kim
et al., 2012; Wager et al., 2005). GABA regulation might also underlie
the lack of effects on inhibition and set-shifting tasks; while reductions
in GABA are associated with updating improvements in healthy in-
dividuals, little is known about the relationship between DLPFC GABA
and the other two domains. One study found that prefrontal GABA
reductions can be detrimental to set-shifting ability (Enomoto et al.,
2011) and literature search revealed no studies demonstrating a re-
lationship between GABA in the lateral PFC and inhibition paradigms.
Neurotransmitter changes after stimulation may also underlie the
lack of significant effect of c-tDCS. While a-tDCS decreases GABA in the
motor cortex, c-tDCS primarily decreases glutamate. However, reduc-
tions in glutamate may induce secondary reductions in GABA (Stagg
et al., 2013). Reductions of both excitatory and inhibitory neuro-
transmitters may effectively cancel each other out. However, neuro-
transmitters alone do not address the absence of online c-tDCS effects.
More investigation is necessary to determine why c-tDCS may not be
effective in modulating executive function.
4.2. Methodological moderators
Unilateral a-tDCS utilizing 25 cm2 anodes or smaller was found to
significantly enhance executive function, while 35 cm2 anodes did not.
The greater effectiveness of smaller electrodes is likely due to increased
focality of stimulation – larger electrodes are more likely to affect
neighboring areas yielding incidental and unintended effects on non-
target sites. The analysis was not able to replicate findings from a
previous meta-analysis regarding the significance of current density or
density charge as moderators of a-tDCS effect, although current density
was a trending moderator (Dedoncker et al., 2016). The difference may
be due to the metrics analyzed; the previous analysis focused on ac-
curacy and reaction time separately rather than identifying the most
relevant metric for a given task. Additionally, the current analysis
constrained density-charge analysis to offline studies due to variability
in the duration in online studies within samples, unlike Dedoncker et al.
The current work supports the idea that smaller electrodes yield more
consistent results due to more focal stimulation, but not due to in-
creased current density (further refuted by the lack of moderating ef-
fects of stimulation intensity in general).
Single-session unilateral a-tDCS was found to enhance executive
function when an extracranial cathode was used, whereas cranial
cathodes led to no effect. The finding is in contrast to a previous ana-
lysis that found no significant effect of reference electrode location,
although the authors do suggest they expected extracranial reference
electrodes to lead to stronger effects (Dedoncker et al., 2016). When the
Fig. 4. A) Unilateral anodal stimulation had no effect on executive function measures when the cathode was placed cranially, most often on the contralateral
supraorbital cortex. B) Unilateral anodal stimulation significantly improved performance on measures of executive function when the cathode was placed extra-
cranially, most often on the contralateral deltoid.
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cathode is placed on either the midpoint of the head or the supraorbital
cortex, current is diffused through potentially task relevant areas
causing unwanted inhibition of these areas, as simulated in Soterix HD-
Explore software (Datta et al., 2013; Huang et al., 2017; see Fig. 5)
Extracranial cathodes result in less inhibition in the frontal cortex,
likely increasing facilitation of executive function relative to cranial
cathodes. The nonsignificant effect of bilateral tDCS may be similarly
explained by concurrent excitation and inhibition of task-relevant
areas.
Differences in findings between the current study and previous
analyses may be due to an increase in studies published recently that fit
our criteria, allowing for greater statistical power in our analyses.
Additionally, the current study focused on the DLPFC and executive
function, whereas previous studies were only able to focus on either the
DLPFC or executive function due to relatively small sample sizes
(Dedoncker et al., 2016; Horvath et al., 2015). The inclusion of brain
areas not centrally related to executive function may have diluted effect
sizes with respect to moderators and a-tDCS effects on updating tasks.
Inclusion of any cognitive task in relation to DLPFC function may have
had a similar effect. For example, long term memory tasks fall under the
umbrella of cognitive function but are not directly related to the DLPFC
(Blumenfeld and Ranganath, 2007). Finally, the current study con-
sidered bilateral tDCS separately from unilateral a-tDCS to account for
the consistent inhibition of one DLPFC and excitation of the other,
whereas previous analyses did not.
4.3. Implications for clinical work
Modulation of updating ability may account for some of the im-
provements seen in disordered populations. Ruminative thinking con-
tributes to the maintenance of MDD and has been linked to working
memory deficits that are consistently demonstrated by individuals with
MDD (De Lissnyder et al., 2012; Joormann et al., 2011; Nolen-
Hoeksema et al., 2008). One pilot study, although confirming the re-
lationship between working memory and rumination in MDD, did not
find a significant effect of bilateral DLPFC tDCS in affecting either
(Vanderhasselt et al., 2015). However, the authors note that the in-
hibition of the right DLPFC due to the bilateral montage may be the
cause of the lack of findings, leaving open the possibility that unilateral
a-tDCS may improve depressive symptoms by improving ruminative
behavior.
Schizophrenia has also been associated with deficits in working
memory (Lee and Park, 2005). Furthermore, fMRI analysis identified
DLPFC dysfunction as a possible source of working memory dysfunction
in schizophrenia (Tan et al., 2005), supporting the idea that anodal
stimulation of the DLPFC ameliorates working memory deficits in
schizophrenia. A correlational analysis found that working memory
ability is related to a number of other cognitive functions only in people
with schizophrenia (Silver et al., 2003). The authors concluded from
these correlational analyses that working memory is a core symptom of
schizophrenia, underlying many other deficits. Therefore, it is possible
that improvements in working memory caused by DLPFC stimulation
might drive broader cognitive improvements seen in people with
schizophrenia following stimulation (Brunelin et al., 2012) and not in
healthy controls.
5. Limitations
There are several issues that the current study was not able to ad-
dress due to the relatively small sample size. Further analysis examining
the effect of each bilateral configuration (anode over F3 and cathode
over F4 or vice versa) with respect to the task performed is likely ne-
cessary to fully examine the effects of bilateral stimulation. Exciting the
left DLPFC and inhibiting the right may be beneficial for some tasks and
detrimental to others. However, the current analysis lacks the power
necessary to examine task laterality as a moderator. Additionally,
findings related to current density seem counterintuitive. High density
stimulation yielded a significant positive effect, medium density a sig-
nificant negative effect and low density no effect. The relationship be-
tween current density and effect size may be clarified by examining
additional moderators such as electrode size. However, the current
study lacks the statistical power to conduct these analyses.
Furthermore, individual differences in response to stimulation may play
a role in some of the null effects found in the current analysis. However,
meta-analyses are capable only of examining inter-study variation, not
intra-study variation (Gurevitch et al., 2018). Finally, as more data
becomes available it may be beneficial to analyze the effect of tDCS on
individual tasks rather than simply domains, as the effects might not be
homogeneous within domains.
6. Conclusions
The current work is a step towards understanding how single-ses-
sion DLPFC tDCS effects executive function in healthy populations.
Quantifying the effects of DLPFC stimulation on domains of executive
function separately will help clarify the degree to which the DLPFC is
involved in each domain. Additionally, greater understanding of the
behavioral effects of the stimulation may help us understand how and
why tDCS may be used to treat disorders related to executive function
such as MDD and schizophrenia. Analyses examining the effects of
methodological influences on tDCS effect may help determine which
electrode configurations (specifically with respect to reference elec-
trode placement) and design considerations may be most effective in
future work. The current work suggests that anodal tDCS of the DLPFC
Fig. 5. Current intensity simulations depicting anodal
stimulation targeting the left DLPFC. Current models were
obtained using Soterix hdTargets software simulating
2mA stimulation with 35 cm2 sponge electrodes (anode at
F3). Arrows indicate stimulation direction, color indicates
stimulation intensity, circle indicates F3 target site. A)
Concentrated, high intensity stimulation of the right
DLPFC when a cranial cathode over the supraorbital Fp2
site is used likely inhibits function in the right DLPFC. B)
Diffuse, low intensity stimulation outside of the left DLPFC
when an extracranial cathode is used (right neck sites)
decreases the likelihood of unintended inhibition in pre-
frontal areas.
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is more effective in modulating information updating than inhibition or
set-shifting ability. Additionally, the current work exemplifies the im-
portance of study design, as anodal stimulation of the DLPFC only
significantly affected general executive function when extracranial
cathodes or small anodes were used.
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